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The effect of concrete strensth and reinforcement
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Ábstrnct
The objectivc 1'rursucd wirh this work includcs t l ìc cvaluating ol the slrength aDd thc total cncrgy absorption capacity (tougÌlncss)
of rcinlìr |ced concrete bcams using cì i l ìèrent rmounts of stccl-baf rcinlòr-cernen1. The e\perimenti Ì l  canìpaign deals \ \ , i lh the evaÌu-
l Ì t io1Ì of thc thresholcl oad prior col lupsc, ult ìmate load and delb11nlì ' t iorÌ.  l s $'cl ì  as the beam k)tal enelgy absorption capacity. using
a three point bcnding tcst. The beam half span displaccnìcnt wlls measuled usirg a displaccmcnt transducer. and the applied forcc
rvas monilored using a load ccl l .  Thc tested samples consists on a sct oftcn reinlìrr-ced concrele beans having three di l lèrenL levels ol
sreel-bar -r einforccmcnt percenlages arìd tbur dilÌcrcrÌt corÌcrele conìpositions (i.c.. giving rise to â dilïerent values of concrctc
strcngth). I1 uas obserlcd that t l ìe most inl luential piÌr . Ìmctcr in thc beams energy absorptioD ciÌpacity is the amounl oÍ steel-bâr
feinlbrcement. Thc rcsults hare presented good agrccnrcnt between tl'Ìemselves. ln fiÌct, fol bc!Ìlììs wìth â given coúcret.' comprcrsir c
strcnqth. a decrease in bcâln's dclormation rvas measured lbr highcI steel-bar reinlìr'cement perccntagcs. Mot-eovel-, the ÌesLrÌts had
shoNn th!ìt  1òf a parl icLt lar stccl-bar-rcinlbrcenÌent percentage. thc corÌclctc compressìve slreÌ]gth havc also tnlìuence i l Ì  the 1o1al
cner-g1' absorption ctpacity ol-the beams.
(.) 1005 Elsevief Ltd. Al l  r ìghts rcscrved.
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1. lntroduction
Signilìcànl progress in mecharjcal and durabilit.v
pcrÍbrmance of conctctc has beel achieved through
a combination ol new chcnrical admìxtures and mil-
eral adclit ions during the last clecadc, lctÌding to plo-
duction of High Perfolmance Cioncrctc (HPC).
Enorn]ous ach,antagcs arise Ír-om the r-rt i l isation ()1'
such (IIPCI) in structurcs rvhere demands olÌ strcngth,
clurabil it l '  and real scrvicc l iÍe are high [1]. Exampìcs
of such constructior'ìs are lorg span bddges. struc-
torrcsponcling authof. Tel.: +351 253 510:l?7i Íar: +151 l5l 510
,10 ì .
t': n1uÌl drÌdft:.\t. cârreiro(r4lìsica.üìrinho.pt (J.O. (lmeifol.
0950-061|1/li - sec froit n1iìltcr a.l 1005 Eìse\'ìef Lld. All fighls rcscr\'cd.
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turcs il'ì n-ìarine environment and oflihorc structures
[2].
Horvcvcr. thc progress does lìot alrvays bring only
advantrges. ln faot, it is observed that conorete bccoÌnc
molc britt le and less deformablc as its compressive
strength inclcascs. This behavioul has bccomc cviclent
from experimcntal tcsts carried out oIì HPC spccimcns
subjectecl to axial conrprcssion. Ìn such tests thc occur-
rence of an extremely explosive rupture is notecl. Tlris
britt le behaviour of HPC has raised concerls with re-
gards to its rcal application. h fact. thc observed de-
crease on dcformabil ity of HPC neetl not ncccssarily
rcsult in a deformability decrcasc of reinÍbrced coDcrete
stl ucluriÌ l elements, because a rciní'orccd concrete ele-
mcÌrt combines a britt le HPC with high toughness rein-
forced bars.
lt-l J.O. (dtnrik) tt | | (1 .\tt.u(tìan u l Buìldìtry trltttrtalt t9 t2005) t9.j tt)9
2. Previous studies
Concrctc colÌsists of thc ccment pastc that tÌcts as the
matrix l inkilg the aggrcgates. The maltix is porous ancl
usually Íì l led r,vith fìLricl. Other constituents prcscDt are
additives and aclÌni\tures in oldel to intpalt speciÍìc
properties ol 1hc flesh concrctc such as highcr plasticìty,
r e l i r r L l r l i , , r ì  , i t ( c e l e t a l i ( ì I l  o f  i e l l  ì g  t i ì n c .
Thc application of íì acture rnechanics to cot]crctç in-
volvcs prectÌutiolìs nnd the success in its applìcabil ity is
sti l l  irvestigiìted. The first expcrinreltal study on thc
applicabil ity oí'fracture ntcchanjcs to concrcte was citr-
ried out by Kaplan [3] in 196I. Othcl stLrdies had bcen
Íbllor,vcd ancl norvadays it continÌÌous investigation in
this dornain is consiclered of priorit l, [,1.5] as i1 can con-
lribute to production of colìclete $'ith increased
strer'ìgth. Morcover. Leslic ct al. [6] harc stuclied thc
influence oÍ'thc corÌcrete strclrgth and thc steelbar-rcin-
forcemcnt pcrcerìtiìge parameters on touglÌness oÍ'HPCI
rcinlbtcecl beams sr-rbrritted to iÌ purc bending moment.
SLrbsecluent studics, ciÌrried oLrt by Tognon ct al. [7]"
Pastor et al. [8], Shh et al. [9]. Ahmad ct al. [10] and
Lopes et al. I l l  have confir 'med the inÍÌuence of the
paraÌnetcrs plior enuncìatccl although thc resrúts arc sti l l
scarcc iÌDcl are not completel,v concor'dant conccr.ning
toughrìcss clependcncc with thosc p4riìmeters. HerÌce,
thcle is a necd lbr'further rcscnlch in ordcr to evtÌluatc
the eÍÌèct oí' concrete strctì€{th and stecl-bar-reinÍbrcc-
ment pcl cc[tage on thc total energy iìbsorption capacity
ol colìcr-ete bealns. In this research wo[k a convcntional
concrctc (45 MPa cornplessive strcngth) and a HPC (90
iÌucl 150 MPa compressive strcnglh) rvere manufactured
and the steel-bar-t einÍbrcemcnt percentagc area vrried
from 0.428 to 1.684 rvhich l ie between 0.066 and E.ll
rvhich alc the allowablc mili l .rum anci naximum values
inclicatecl by Poltuguese building cocle 1'or spccimens
using ,15 MPa concrete strcngth.
3, Experimcntal rvork
-J. l. ( 'ont'rt,tc nixes tL'sl.ed
Thrcc differelt concrctc compositions rvere selcctccl itr
order lo achieve thrcc dif lèrent classes of concrete
strcngth, raDÌely 845. I l90 antl 8150. The spccimens
rvcrc labelletl u'ith a prefix B tl'ìal means ôcara ancl the
nLÌmber denolcs the cor'Ìcl 'c1c strength i l ' ì  MPu. Morc-
over, a nìjxture similar to 890 was usccl with par.tial
replaccrrcnt of sand bl ground rubbcl particlcs. labelled
as 8U60. The |ubbçr addition to tlìe concrctc lÌ i Ìd t l.ìc
pulpose to study thc influencc of rubber on both con-
crete strer'ìgtlì ancl deÍbmabilitv.
Cen'Ìer'ì1 1)pe Ìl .12.5 rvas usecl in production ol con-
cretes B45 alcl 890 alon-g u.ith rit.cr sand and crushed
gralìrtc corìrse iìggÌc-gate tvith dilnensions bctrveen 1
und l0 ntnt. Thc water reducirg agcnt RheobLrikl 1000
rvas also used. FoI Bl50 ccmcnt typc I 52.5 lì. metaka-
olin and supcrplastizer type Gléniun.r C-ll3 rvere uscd.
The diflèrcnt corÌcretc conpositions are summarizcd in
Table i .
Fig. I shows a Scanning ElectroÌÌ Miçroscopy
(SEM) top viov rnicrograph [2] for 845 convcutional
concrete. Ìt is clearly sho\,!n thc saDd and crushcd
granite coa|sc rÌggregatc surroundcd by tl.Ìe ccmeDt past
ancl thc plcsence o1'lalge porcs in the concrete mass is
also cvidcrÌt.
In orcler to cvaluate tl'ìc strengtl'ì of concrclc. tlÌree
concrete cubcs (5 x 5 x 5 cl.rr1 rvcre moulcletl (sec
Fig. 2(a)). The strcngth of mjxcs was obtained, at
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l - ig .  l .  SBM mìcfograph shorvìug thc sLrÌ l ìce ol  rhc conreut ìonrÌ
concfete spccinÌc11.
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3.2. Reinfitrtad (on(rlLe h(uftÌt
In the expetimental campaign a set of clcstluctive
tests werc pcrÍbrnlecl on te'n rejnlolccd concretc llean-Ìs'
The bcams wetc cast in the horizontal posìtion using a
wood ÍbrÌì\\,ork. Thc casling of thc beams was cariecl
out with tlÌc reiníbrccmert steel bars propcrly crr.rbcdded
in the lÌcsh colcrcte AÍìcr 50 days the bcams rverc te-
movcd from the moulcl, trarlspoÌted to the working tcst-
ing area and positionecl on the tcsting steel Íì'amc Thc
bcams. simply suppofied, rverc submitlcd to the actron
of a point lbrcc applietl on thc bçams ccrÌtral reglon'
ir Fig. 3 iÌrc represerlted schematically thc beams and
the  rc in  f , , l cen ìc l Ì l  bar  co t l f ig t t ra l i . r t t s .
TiÌble 2 prcsents the characteristics of each beam: thc
total area of the stccl-bltrs y'.. the' steeÌ-biÌr perccntagc
areiÌ (as pcr ccnt of beam cross-scctioll arctÌ) p' and
thc densitv of col'ìcretc tr. Furthcrmore, it is noted that
all beams hlve squarc cross-section (/rxh - l00crn2)
ancl the cìcpth of thc tensiol steel ÍÌom the top sLtrfttcc
ol' thc beam cross-scction (i e., the effcctive height) is
Irig. L tÌcrm gcoÌlrclr,v and deÌâiÌ 1òr lhe reinibfcemcnt bLìr conllg-
Tablc l
Su1Ì ì Ì Ì r r )  of  crpef  incniâì  . lcsrgn
C1r)up code | (."\ì t{  (kg/n )
r/ = 9 cm. The beams rvelc gloupecl in lottt scfies as a
fìlction of thc concrcte slrength
Each bçam group is labcllecl by its serics' whcre the
i r . t  n u m b e t  a l l e t  l h e  l ( l l c l  t ì  i s t h c c o t l e I e l e e o t n n l c : ' : i r c
strcngtlì li'. and thc last numbcr is tl'ìe pcrcerìtage afca of
tÌre ròinforcemcnt sLcel-bar'. The fourth scries (48Ì160-
1.256) relcls to a bcan rvith rubbcr addition to the
ooncretc. Fig. 4 shorvs schcmatically I bcam on its
experimcntal set-up as well !Ìs thc instrunìentation used
fòr the mcrsurcn.rent of t l ' ìe rcsults.
3.l. (.loncretc cot Pre.\'\í'"c ttrct1gth
The concrcte strcl'Ìgth wiÌs c\raluated by comprcsslott
tests on specimcns curecl Íbr 50 days Fig. 5(a) (c) shows
the rcsults of comprcssior tests perfotmed on cubic con-
crete specimens. Fig. 5(d) r'cÍèrs to thc cÌÌbic specin.Ìen ol
concrçtc \\, i t l ' ì  rubber àddition. The three curves replc-
sented in each figure correspond to tl lree experilnental
tests perfonned tòr cach conctcte mixttttc Thc peak vtt-
lLre rcgistercd is taken as tl ' ìe strcngtlì of the spccimcn'
Results fron.r concrcte 890 rnd 8150 indicate a btìtt lc
fractuÌc (explosirc rupture in thc casc of Bl50) with a
sha4r loss of strerlgtlÌ atìer the pcak value ln thc cilsc
of the concrçtc B'15 spccimen. results ir ldicale a highcr
tolÌE{hness shorving somc strcngth aflcr reachi|g thc
peai valuc. lnclced. givel t lÌat the composition of the
Íì860 concrcte is similar to tlÌat of thc 890 concretc it
is l ' ìoted that t lÌe adclit iolÌ of rubber causcs a loss ol
strcngtlì (sonìc 30')1,). but the loss of strcngtlr when peak
valuc is rcachcd is lcss abruPt.
-ì.4. Bcnding strcngtll 01 tllr rcÌufort:ed t:oncvek ht'orttt
3.1.1. Ex pt'r int ctt t tt I rasults
Fig. 6(a) (d) prescnts tl ' Ìe load displaccment cutves'
i.e., bchaviour cr-tnes, obtained Íì-om thç expcrimental
úìeasuremcnts oÍ'beams sr-rbmitted to a tlÌrcc point
bcrÌding test. Each graph rcí'crs Lo a scries ol'Ìhrcc ÌesLcd
bcams (corrcsponding to each ooncretc sÌlcngtlì vaÌues)
witlr incfcasing levcls of thc stecl-ba[ reinÍ'orccment
Fig.  .1.  Thrcc poin l  ìo. ìdnÌ l l  expcr i r ìcntal  scÌ  up:  (A) s lcel  l ÍeÌne
structure-  ( l ì )  h lc l fx t Ì l ic  âctLìetof-  (Cl)  lo. ìd ccl l  (D) be' ì Ìn '  ( l )
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Dcrcel'ìt i Ìgc. Fot all series it can be obscrvecl that for in-
creascd lcvels ol t l.Ìe steel-bar reinÍbtccment, thc bcam
maxinrum loacl is also increascd Howcver, in all situa-
tions, the beam dcfleclìor Íìeiìsurcd tÌ1 the maximtln]
load (i.c.. thc bcam nicl spat't peak clisplacement rì" ') dc-
creascs 1br highcr levels of steel-bar rcinlorcenìent In
fuct. this is a normal colscquence of thc relised monìcnt
of incrtia. lcrackecl lricrirci tlìe morc stcel the hìghcr
1*acrcd crrecriic ancl the lorvct'thc deflcction Colccmrng
tÌi. .uru. last poilts, i.c.. the last measured load (P')
ancl beam last clcflection (ò,,) it is obscrved that lbr tlìc
particulat' 1.68'+ stcel-bar leinforcelnent percentage'
irighct ct,nctcte strelgtÌì \ 'alucs leads to an incrcase of
thc last L.rcam deflcctiotl aÌrd iÌ clecrcase of tbc Ìast mea-
sulccl Ìoacl (see Table 3). In this case, the lrigher concretc
strcngth thc lorver 1".,,.1".1 "ne"tlu. xncl the higher tÌrc last
deflcction.
l ' ig. 7(a) shorvs thc experimental set-up r'vith a bcan.t
being tested whilc Fig T(b) shows the ruptulc cross-scc-
tion locatcd at t lìe beanl mld span.
4, foughness
Èr\tlLluLìtig loughru:ss ttf lrcan serìas
Tbc toughttcss of a rnatcrial (Lrr) is dcfincd as tlìc
capacity ol a mlìterial to absolb encrgy ìn thc plastic do-
nain up to ruptule l l3]. This parametct' is di1ìcult to
TlLr le l
Lrsr prrLìneters and Lrernì tougl'Ìness
/ ' , ,  t l -NJ a.ï ( NlPa)
cvrÌhlate, but it proccss to delcnnilìe thc toughness ol a
material consisls of taking tlÌe total area '4 l imited bcÌou'
thc strcss striì in curvc or the forcc defolmatiol cltne,
divided b1' the volumc of the tcstecl sample TÌris area
givcs an insight of the amount of cnergy pct unit volume
ihiìt the materiiìl can support up to l'Ìlpture ltl thc scope
ol this work it was usecl as bcal.r t upttlre ct' i tetion' thc
last mcasurcd appliecl load (P,,) at which iìn abrupt load
deçreasc occurrecl (last points in Fig. 6) lvhich coinciclecl
rvith thc physìcal collapse of thc beanl sucÌr as seetl in
Fig. 7(b). Thc total encrgy '4 was dcterrÌì i l ' ìed lbr the
tcstecl bearr.rs by two diflclent proccdurcs: (i) first deter-
mining the best polynomial cquatiolÌ rcprescntlng tÌìc
expcrimcntal daLa. thcn pcrtbnnirÌg a integlation to
conìputc the area undcr thc force clisplaccmetlt curve'
(i i) n.reasurilg the lrea under fòrcc displaccment curvc'
It was observcd that both procccìures prodÌrccd verir
similal results (dilÌercnce lowcr tlÌan 1')l ') '
In ortler to al.Ìalyze the influence ol tbc concretc
strcl 'ìgth on the beam toughness. it wiÌs lÌeccssiÌr-v to
gloup tbc beaus rvith eclurl steel-bar rcìntbrcemcl'ìt pcr-
i"nt"g", p. Tablc 3 groups Íhç beans accorcliug to p rtnd
shows the expcrimcntal results lÌom the behavtour
cuÍves as wcll as the determilcd toLlghlìcss viì lues' Li! '
Fig. 8 prcselts fbr cach 1-', thc bcams loughness cvo-
lution as a lìnction of the corÌcÍetc conìpresslorÌ
strength. The obscwed tendcncics shorv that lot a par-
ticularr stecl-bar reirÍbrcçuelt perccntage. toughncss in-
cr-cases reasonably wher collcretc sÌrcngth lrÌclclìscs
Íì 'om 90 to 150 MPa
In gcneral. thç obsetved telclcncy can bc explainccl by
the íbilowing mechanism: ftrr a partiçular steel-bar rcin-
tbrccment percentage the dcptlÌ of thc neutriìl axis 'le-
cfeascs for higher cotlcretc strengtl ' ì viì lues This
bchaviour gives rise to an increasc of the last beam
deflcction (because the rcviscd momct'tt oÍ incrtia
1.,..p",1 
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concreie stÍength: f. (ÌúPa )
Fig. 8. ÌnlìtÌence of coÌìcrete slÍenglh rrnd steel b'ìf-Ìcìnlìrrccmelll
pcrcenlage on benrÌ  s toughness
bcnding lest .  (b)  Mid spân cr . ìckcd
Bl50 -  c . i  =0424
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displâcêment (mm)
increase. Thus. a dccrcase of t lrc depth ol the neutral
lxis appears to cornpcnsate ancl surpass the loss oÍ con-
crctc toughncss Íbr highcr concretc slrengths. In practice
this behaviour ìndicates that a combination of a hìgh
perlbrmance concrete with hìgh steel-bar-reinforcclÌ ' ìcnt
perceDtiìgc can rccluce tlìe britt le behavioltr of t ltc
stl 'ucturc.
Fig. 9(a) (c) shos's tlrc touglìness cvolution as a tìnc-
tior of the beam mid span displacencnt. The sarrrc glo-
bal tcndency is observed shorving that t lÌe bcttcÍ
perlbrmance is achicved by tlìc association of high pcr-
Íìrrmancc concrete with high steel-bar-rcinÍbrcement
pcrccntage. Moreover. Fig. 9 also shows that touglì-
ness displacemcnt curvçs have a palaboÌic shapc Íòr
small values of bcam defornation. which is indicativc
of an elaslic behavittut'. Meantimc, Íbr t lrc highel deftrr '-
matiorÌ rcgime, but sr-ríiìciently firr Í'r'om thc last points.
thc curyes prcsent alrlost iÌ corÌstant sÌope mciìnrng a'
plastic behavioLrr of the tcsted elemcnt.
,1.2. Tltt' <'lJet t of sttrl-hur rt'ì.nfìtrcenrcnI perteutui<e on
hton dt'.forntution
Fig. 6 shows tl ' ìaÌ for a particular concrete strcngth.
tlÌe bcan'ì micl span peak displacement (íi,,,) decrcascs
fbr highcr levels of steel-bar rcinlbrcemsrrt. This bebav-
iour can bc cxplainecl as Íbllows; alLle to arÌ it ' tctcase on
tlÌe stccl-bar-rcinfbrcemelrt pcrcentlgç the deptlì ol ' the
displacemênt (mm)
Fìg.9.  Ioughness as:r  Í ìüìct ìon ol  lhc beâm mid span cÌ isplacelrcnt :  (a) / '1) '128'(b)  /  -  1 256'  (c)  p = I  68 '1
(c)
neutral axis ilcreascs and iÌs a consequence! the revised
nÌoment of inertia /.rackcd crÌccli\e wil l increasc Jcadìng to
a concomitant decreasc of the bearn deflection. Fig. l0
plots the d., as a funotion of p.
For ilcreascd levels of steel-bar rcinÍbrcement pcr-
certagc it can bc observecl that Íbr the particuliÌr casc
of 45 and 90 MPa concrete strengtlì, ô,. decreases
strongly up io p=1.2501, and levcll ing off thercalÌer.
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deflecLion remains almost colstart foI all levels of stecl-
bar reinÍbrcement pcrccntage.
The cxperimentaì rcsLÌlts cíÌlÌ be summarized as fol-
lows:
l. HPC and high slccl-bar reilforcemcnt percentage:
Bl50 1.ó84 compared with oonvcntional concrete
with thc cquivalent stccl-bar reinforcemettt: 845
L 684
o The bending peak load is incrcased in 22'lo.
o The beam mjd span peak displaccÌncnt is increased
ir 58%,.
o The bcam last displaccmcnt is increased in 52.3%,.
o The beam bcntling toughltcss is increasecl in 35%,.
o Reduces in 5.5%, the concrctc dcnsity.
2. HPC with addition of rubber particlcs as partial
replrtccment of sand (rcsults of 8860 compared wiÌh
890 for = 1.256'%)
o Reduccs in 33'I, the concrcle strength.
o The bending last load is clecrcascd in 12.6'fo.
o Thc beam last clisplacement is incrcascd in 17'h.
o Thc bcam bentling toughness is increascd in ldx,.
o Rcdr-rccs in 3.3'Í, thc cor'ìcrete mitss density.
5. Conclusions
In this [eseíìrch work it was obseryed that t l ' ìe most
influentjal piìrameter in the toughness of the lciníbrced
concrete bcams is the steel-bar'-rcinlbrcement petcctlt-
age. The cxpcrimental results show tÌ good agrcclncnt
bet$'een themsclves indicating that in genetal. for con-
stal'ìt values of concrete strength thc mOre steeÌ-bar reur-
forccmcr'ìt the lorvcr the beam mid span peak
displacerncnts. This is a conscquence of the inçrcasc o1'
the revisecl momcnt of inertia duc to the increase of
thc depth of the bcam neutral atxis. ExpcrimcntaÌ results
also sl'row that for iì particular steel-biÌr-rcintbrcemerÌt
pclccr'ìtage the concrcte strength ilflucnccs reasonably
thc bcan'Ìs erìergy absorptiol'ì capacity (toughncss): the
higher thc cor'ìcrete strerÌgth thc higher the beam tough-
ness. This bchavioul is n.rore pronounced for the high
pcrfbrmance concretc B150.
lntcrcsting practical applications may be emphasizcd
to conclctc with partial replaccment of sand by rubbcr
particles. Indccd. due to lorvel clcnsity it can be used
in builcl ings as an indoor strlÌctural materìíÌÌ. sepiÌratron
panels rvith high damping capacity to vìbratìons or
evcntÌìalÌy in situatiorìs lvhere a large clefomation
ciLpacity rcquired.
Based on cxpcrimentiì l results it is rcasonable to as-
sume that the associalìon of a high performancc con-
cl'ctc witl.Ì a high stccl-bar reinÍbrcenent pcrccntage
will lcad to an optimized tcchÍìical solution in order to
achieve high perÍbrmance structurcs.
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